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ABSTRACT 
JESSICA MOORE: Relationships of Pliocene magmatism in the northern Sierra 
Nevada Range to lithospheric delamination and the ancestral Cascade Range 
(Under the direction of Allen F. Glazner) 
 
Delamination has been invoked to explain Pliocene (3.5 Ma) magmatic 
activity in the central and southern Sierra Nevada Range (SNR). However, the 
extent and timing of proposed delamination is unknown. By examining volcanic 
rocks of a similar age in the northern SNR the extent of delamination can be 
further characterized. Alternatively, Pliocene magmatism in the northern SNR 
could be a result of subduction, making the area part of an ancestral Cascade 
Range. The Mendocino Triple Junction was located just south of Lake Tahoe at 
the time of eruption of Pliocene magmatism in the northern part of the range.  
Although the geochemical and isotopic compositions of the samples from the 
northern SNR are closely related to Cascade magmatism the differences include: 
higher K2O and lower MgO and CaO at a given value of SiO2, a restricted range 
of SiO2, and two distinct magmatic events at 4 and 11 Ma.   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I. INTRODUCTION 
Understanding the temporal link between convergence and possible 
lithospheric delamination is essential to reconstructing the complex tectonic and 
geomorphic history of the Sierra Nevada Range of California. The uplift history of 
the Sierra Nevada is highly debated, with some claiming it was an area of high 
relief as early as the Late Cretaceous (e.g. House et al., 1997; Wakabayashi and 
Sawyer, 2001; Stock et al., 2004). However, there is evidence for additional uplift 
during the Pliocene, especially in the southern part of the range (Fig. 1) (e.g. 
Jones et al., 1994, 2004; Saleeby et al., 2003, Stock et al., 2004). Delamination 
of an eclogitic mantle root beneath the southern Sierra Nevada could account for 
Pliocene uplift in the range, as well as explain a geochemically distinct Pliocene 
pulse of magmatism identified in the central and southern part of the range (e.g. 
Wernicke et al., 1996; Ducea and Saleeby, 1998; Manley et al., 2000; Farmer et 
al., 2002).  
The crust beneath the Sierra Nevada Range is ~35 km thick (Fig. 2; 
Fliedner et al., 1996; Buehler and Shearer, 2010), significantly thinner than 
required to support a 4000-meter mountain range by isostasy (Wernicke et al., 
1996). Several studies (Wernicke et al., 1996; Jones et al., 1994; Ducea and 
Saleeby, 1996) have proposed that delamination of a dense keel could explain 
high elevations in spite of the lack of a thick crustal root. However, the extent and 
timing of proposed delamination is still debated. Full-extent delamination (Fig. 3) 
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would be characterized by uplift and magmatism throughout the entire Sierra 
Nevada Range. This model predicts that any Pliocene volcanism in the northern 
Sierra Nevada would be geochemically and isotopically similar to previously 
studied Pliocene volcanism in the central and southern Sierra Nevada Range. 
Alternatively, generation of Pliocene volcanism in the northern Sierra 
Nevada could be related to an ancestral Cascade Range. The modern Cascade 
Range extends south to the Mendocino triple junction, where the North 
American, Pacific, and Gorda plates meet at a fault-fault-trench triple junction.  
Modern Cascade arc magmatism occurs as a result of subduction of the Gorda 
Plate beneath the North American Plate to the north of the triple junction. 
Because the triple junction has been moving northward throughout the late 
Cenozoic at about 6 cm/yr (Atwater, 1970), the southern extent of subduction 
must have been moving northward as well (Dickinson and Snyder, 1979; Fig. 4). 
If magmatic activity occurred north of the triple junction throughout its 
migration and ceased to its south, then the southern limit of the ancestral 
Cascade Range should have moved northward with the triple junction (Dickinson 
and Snyder, 1979). Reconstructions of space-time patterns of volcanism in the 
range show little evidence for an ancestral Cascade Range south of Lake Tahoe 
(Glazner and Farmer, 2008). However, Cousens et al. (2008) proposed that late 
Cenozoic volcanism in the Lake Tahoe area was part of the ancestral Cascades.   
This research focuses on the geochemistry and age of volcanic rocks in 
the northern Sierra Nevada (Fig. 1), from near Lake Tahoe to Portola, California 
(Fig. 5). This area comprises the northern extent of the Sierra Nevada Range 
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and is near the southern reach of the modern Cascade Range. Basalts and 
andesites collected from this region were analyzed for major, minor, trace 
element, and isotope geochemistry then compared to samples of similar ages in 
the Sierra Nevada Range and the Lassen Volcanic Field to determine if the 
samples had the same geochemical compositions as samples from either area. 
Ar-Ar dating was used to determine the timing of eruption.  
   4 
 
Figure 1. Physiographic map showing the division of the Sierra Nevada 
Range into northern, central, and southern regions.  The boundary 
between northern and central regions is based on geomorphologic models, 
which place the Yuba River as the northernmost point for the Sierra 
Nevada behaving as a single block (e.g. Unruh, 1991). The Merced River 
is used as a general boundary between the central and southern regions.  
This is loosely based on the northern boundary for Pliocene volcanism with 
high K2O concentrations.    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Figure 2. Map by Buehler and Shearer (2010) showing 
crustal thickness. The thicknesses are base on Pn 
tomography and the crustal velocity was assumed to be 
constant at 6.3 km/s.  Thickness beneath the Sierra 
Nevada Range is ~35 km.     
   6 
Figure 3. Model showing both limited and whole-Sierra delamination models.  
Both models courtesy of Craig Jones. The models are oriented looking east 
through a cross section beneath the Central Valley and the Sierra Nevada 
Range.  Cool colors represent cold lithosphere whereas warm colors represent 
hot asthenosphere.  Model a shows limited removal with remaining eclogite in 
the central and southern Sierra Nevada whereas model B shows removal as 
far north as the intersection with the Mendocino triple junction.      
  7 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Figure 4. Reconstruction of the 
location of the Mendocino 
triple junction at 11, 4, and 0 
Ma. MTJ is the Mendocino 
triple junction, SAF is the San 
Andreas Fault, SNR is the 
Sierra Nevada Range, and CV 
is the Central Valley. 
Reconstructions are based on 
animations by Atwater based 
on Atwater and Stock (1998). 
The locations of the Sierra 
Nevada Range are based on 
calculations by Glazner et al. 
(2002). See text for discussion.    
 II. PREVIOUS WORK
Geologic Setting 
Although the Sierra Nevada Range is predominantly composed of 
Mesozoic plutonic rocks, Cenozoic volcanic rocks occur along much of its length. 
In the northern Sierra Nevada Range lahars and lava flows of Miocene and 
Pliocene age largely cover the batholith, however in the central and southern 
Sierra Nevada Range volcanic rocks are widespread but sparse (Fig. 1). 
Southern Sierra lava flows and volcanic plugs are both Miocene and Pliocene in 
age, and Pliocene magmas are commonly highly potassic (e.g. Brem, 1977; 
Moore and Dodge, 1980, 1981; Van Kooten, 1980; Manley et al., 2000; Farmer 
et al., 2002; Putirka and Busby, 2007).  Manley et al. (2000) proposed that 
Pliocene volcanism resulted from delamination of the lower lithosphere, following 
earlier suggestions that delamination occurred in the late Cenozoic (e.g., Ducea 
and Saleeby, 1998).  Pliocene lavas also occur in the northern Sierra Nevada 
Range (e.g. Dalrymple, 1967; Hietanen, 1981; Cousens et al. 2008), where 
delamination and subduction have both been proposed as possible sources of 
magmatism.  
Pliocene lavas in the Portola region (Fig. 5) erupted over the Miocene (16 
Ma) Lovejoy Basalt in many locations (Durrell, 1959; Dalrymple, 1963; Garrison 
et al., 2008).  The Lovejoy basalts have geochemical characteristics similar to 
9  
those of Columbia River flood basalts, and Garrison et al. (2008) proposed that 
they were erupted from a mantle plume beneath northern California. 
  
Delamination vs. Subduction   
Seismic studies (Fliedner et al., 2000, Buehler and Shearer, 2010) have 
imaged the crust as 35-40 km thick beneath the southern Sierra Nevada Range, 
confirming that it lacks the thick crustal root needed to support high elevations as 
discussed by Wernicke et al (1996). This observation led to the hypothesis that a 
high-velocity anomaly imaged under the southern San Joaquin Valley could be a 
relatively cold, dense mantle root that delaminated and is now sinking into the 
mantle (Jones et al., 1994). 
Xenolith thermobarometry and geochemical studies are also consistent 
with a shallow mantle beneath the eastern part of the range. Ducea and Saleeby 
(1996) estimated that mafic crust extends to depths of 65 km beneath the central 
Sierra Nevada but only to 35 km in the eastern part. There is also a change in 
composition of lower-crustal xenoliths from samples with host lavas dated 8-11 
and 3-4 m.y.; only the older samples contain garnet (Ducea and Saleeby, 1996).  
This suggests that a delamination event occurred between 3 and 8 Ma. The 
absence of garnet beneath the eastern Sierra Nevada is consistent with seismic 
images showing a shallow Moho in the eastern and southern Sierra Nevada (Fig 
2).   
If the crustal root detached, then hot asthenosphere would have welled up 
to fill the space, causing a short pulse of magmatism (Manley et al., 2002). 
 10 
Pliocene magmatism in the central and southern Sierra Nevada was a short-
lived, low-volume event and is geochemically different from any other volcanic 
rocks in the area (Farmer et al., 2002). Farmer et al. (2002) hypothesized that the 
unusually high K2O concentrations seen in Pliocene basalts from the southern 
Sierra Nevada resulted from melting of a metasomatized mantle that was 
exposed to the hot asthenosphere after delamination occurred. The rocks also 
have lower εNd values and higher 87Sr/86Sri ratios than volcanic rocks erupted 
from the same areas in the Miocene.  They are also magnesium-rich, have high 
ratios of large-ion lithophile to high field strength elements, and are particularly 
enriched in Ba, Sr, Pb, Rb, and light rare earth elements  (Farmer et al., 2002).   
Along with volcanism, uplift is expected with the removal of dense lower-
crustal material (Saleeby et al., 2003).  Geomorphic studies show evidence for 
tilting and uplift of the Sierra Nevada in the Miocene or Pliocene (Unruh, 1991). 
Modeling based on sediment flux rates and river incision rates are broadly 
consistent with two uplift events, one in the Late Cretaceous and one in the late 
Miocene (House et al., 1997, Saleeby et al., 2003; Pelletier, 2007). Stock et al. 
(2004) determined that river incision rates increased between 2.7 and 1.5 Ma, 
consistent with Pliocene delamination. 
Unruh (1991) hypothesized that part of the range between the Feather 
and Kings Rivers was uplifted and tilted as a single block.  When discussing uplift 
histories for the Sierra Nevada Range many authors use the Feather/Yuba river 
region as a northern limit to their models (Fig. 1).  North of this area modern 
topography (and paleoelevations) are much lower than in the area to the south 
11  
(Wakabayashi and Sawyer, 2001).   Wakabayashi and Sawyer (2001) also 
pointed out that hypothesized delamination in the northern part of the range is 
extrapolated from data for the central and southern Sierra Nevada, not from 
samples collected in the northern part.  Heat flow data are relatively consistent 
throughout the area, with low reduced heat flow, except for the northernmost 
Sierra Nevada where heat flow values are lower still by more than 25 mW/m2, 
indicating a thicker lithosphere (Saltus and Lachenbruch, 1991).  
Lower elevations and heat flow values in the northern part of the range are 
consistent with a limited removal model for delamination (Fig. 3).  With this model 
the seismic anomaly to the west of the southern Sierra Nevada represents 
downwelling mantle lithosphere but the northern eclogite is interpreted to remain 
intact.  
Pliocene magmatism in the central Sierra Nevada is hypothesized to be a 
result of delamination; volcanism in the area from 10-13 Ma could plausibly be a 
part of the ancestral Cascades since the Mendocino triple junction was located 
south of the area at the time of eruption. However, this cannot explain the later 
pulse of magmatism because the triple junction had migrated north of the area by 
6 Ma. Putirka and Busby (2007) addressed this by stating that Pliocene 
magmatism may be a part of two-step encroachment of Walker Lane deformation 
and Sierran uplift into the area, similar to extension and associated magmatic 
events near Reno (Henry and Perkins, 2001). However, in the northern Sierra 
Nevada, subduction could be the source for the younger Pliocene magmatism 
since plate reconstructions demonstrate that the Mendocino triple junction was 
 12 
located just south of Lake Tahoe at the time of emplacement of the Pliocene 
event (Atwater, 1970; Atwater and Stock, 1998).  
13   !"
#$
%
&'
!
"
#(
"
&'
)*
+
,
#!
-
&'
)*
+
,
#$
%
&'
a) 
 14 
Figure 5. Sample locations for the 
Portola (a) and Lake Tahoe regions (b).  
Samples collected for this study 
represented by white circles and 
samples from Cousens (2008) 
represented by black circles.  Faults and 
geology simplified from the Chico 
1:250,000 geologic map (Burnett and 
Jennings, 1962).   
b) 
9 km 
 III. METHODS 
Sampling  
Most of the area around Portola has only been mapped in 
reconnaissance. Sampling targets were determined from the Chico 1:250,000 
geologic map (Burnett and Jennings, 1962) and 1:62,500 maps of the Portola 
and Sierraville quadrangles (Grose, 2000a,b). Sampling targets were also 
determined based on sites discussed in Durrell (1987).  The Chico map typically 
shows small ridge-capping Pliocene outcrops and more extensive Miocene 
outcrops at lower elevation. However, this map is significantly in error in many 
places and thus was only a crude guide. Throughout the Portola region there are 
numerous unmapped outcrops of mudflows and metamorphic basement rocks. 
Many of the volcanic outcrops are hill capping, columnar-jointed basalts and 
andesites, which rest conformably on the Miocene Lovejoy basalts (Fig. 5). 
Most of the lava flows were emplaced on mudflows containing pebbles, 
cobbles, and boulders of varying compositions, including amphibole-rich 
andesites and basalts. Where possible, fresh samples of the mudflow cobbles 
and overlying basalt outcrops were collected for geochemical analysis, as well as 
dating, to determine the timing of emplacement of the mudflows at a later time.
   16 
Table 1: Sample Locations and Ages   
 
Sample  Latitude Longitude  Area    Age 
TR09-01 39.344274 -120.270312 Truckee    
TR09-02 39.350246 -120.265244 Truckee 5.62 ± 0.08 Ma 
TR09-03 39.293522 -120.265459 Truckee   
TR09-04 39.293716 -120.26248 Truckee   
AP09-05 39.3466 -120.367 Andesite Peak   
FR09-06 39.895195 -120.565754  10.96 ± 0.05 Ma 
FR09-08 39.875513 -120.490437 Lake Davis   
FR09-09 39.880599 -120.883731    
FR09-11 39.872848 -120.876212 
Basalt unit (not hill top capping) 
(Portola Region) 16.05 ± 0.07 Ma 
FR09-13 39.847643 -120.44881 Mt. Jackson  4.33 ± 0.17 Ma 
FR09-15 39.76111 -120.45237 Beckworth Peak   
FR09-16 39.86734 -120.53053 Smith Peak 11.01 ± 0.05 Ma 
FR09-18 39.84248 -120.65182 Mt. Jackson   
FR09-19 39.84248 -120.65182 Mt. Jackson 3.95 ± 0.07 Ma 
FR09-22 39.83082 -120.70975 Big Hill 4.19 ± 0.06 Ma 
FR09-23 39.83302 -120.61459 Camp Layman   
FR09-24 39.98056 -120.6298 Mt. Ingalls 5.44 ± 0.06 Ma 
FR09-25 39.98089 -120.62568 Mt. Ingalls 4.99 ± 0.05 Ma 
FR09-26 39.88084 -120.53063 Smith Peak 11.6 ± 0.2 Ma 
!
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Analytical Methods  
Ar-Ar Dating 
Ar-Ar ages were obtained in collaboration with Mike Cosca at the U.S. 
Geological Survey’s 40Ar/39Ar geochronology laboratory in Denver, Colorado.  
Nine samples were analyzed using groundmass and one sample using 
hornblende phenocrysts.  Samples for groundmass analysis were cut into billets 
approximately 10-15 mm thick and manually chipped into ~1 mm pieces, which 
were then inspected under a transmitted light microscope to find chips free of 
phenocrysts. 
Hornblende was separated by crushing the rock in a steel jaw crusher and 
extracting individual hornblende grains manually.  The grains were then 
ultrasonically cleaned in distilled water. Individual crystals were checked for 
purity under a transmitted light microscope. Both the groundmass and 
hornblende samples were loaded into aluminum discs, placed into quartz vials 
and irradiated for 15-20 hours.  Samples were then allowed to decay for a month 
before being analyzed on a mass spectrometer. The ages were determined using 
the Fish Canyon Tuff sanidine standard. 
 
Major, Minor, and Trace Element Geochemistry 
The samples selected for analysis by Activation Laboratories were the 
same samples being analyzed for 40Ar/39Ar. Samples were crushed in the field to 
pieces a few cm across and the freshest pieces were selected for crushing in a 
steel jaw crusher. After the rough crush any chips that looked weathered were 
   18 
manually removed before the sample was powdered in an aluminum ceramic 
shatterbox mill for 15 minutes. 
Activation Laboratories in Ancaster, Ontario analyzed eleven samples for 
major and trace elements using a Perkin Elmer Sciex ELAN ICP/MS. For these 
analyses, samples were fused using a lithium metaborate/tetraborate mixture.  
Samples were analyzed along with three blanks and five controls.  
An additional 8 samples and duplicates of the first 11 were analyzed for 
major elements at the University of Chapel Hill using wavelength-dispersive X-
ray fluorescence on a Rigaku Miniflex II spectrometer.  For analysis at UNC, 
powders were ignited at 1000°C for one hour to ensure oxidation. After ignition, 
0.9 g of rock powder was stirred into 8.1 g of lithium tetraborate flux. Using a 
Katanax K1 automatic fluxer, this mixture was heated to 1055°C in a platinum 
crucible and poured into a platinum mold, which was cooled over several minutes 
to form a glass disc. If the disk cracked it was placed back into the platinum 
crucible and melted again.  If the second run produced a crack then the process 
was started over with new rock powder and flux.  
The spectrometer was calibrated using U.S. Geological Survey rock 
standards W-2, BIR-1, STM-1, MAG-1, SCO-1, SDC-1, RGM, AGV-1, QLO-1, 
and G-2 and empirical interelement corrections. Samples were run 5 times along 
with standards BIR-1 and MAG-1, and the results averaged.   
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Isotope Geochemistry  
Isotope data were collected at the University of Colorado-Boulder in the 
laboratory of Dr. Lang Farmer. Whole rock samples were powdered and then 
dissolved in HF and HClO3. Rubidium, strontium and bulk rare-earth elements 
were separated using an established cation exchange technique. Samarium and 
neodymium were separated using a high-performance liquid chromatography 
technique. The rare earth element separate was loaded into a 30 cm by 2 mm 
quartz glass column filled with Bio-Rad Aminex cation exchange resin and eluted 
with 0.32 N methylactic acid. Both samarium and neodymium separates were 
then cleaned by electrodeposition onto high purity platinum cathodes from a 
weak HCl solution.  
Sample rubidium, strontium, samarium, neodymium, and lead 
concentrations were determined by ICP/MS at Activation Laboratories or by 
isotope dilution (only for rubidium, strontium, samarium, and neodymium) at the 
University of Colorado.  
The strontium, neodymium, and lead isotopic analyses were performed on 
a Finnigan-MAT 6-collector solid-source mass spectrometer. The strontium 
isotopic analyses were 4-collector static mode measurements. Uncertainty for the 
87Sr/86Sr ratios ranged from ± 0.000007-0.000015 (2σ). Measured 87Sr/86Sr were 
corrected to SRM-987= 0.71028. Neodymium isotopic analyses were performed 
in a triple collector dynamic mode for which an external reproducibility of 0.25 εNd 
units has been demonstrated on replicate standard measurements. 143Nd/144Nd 
normalized to 146Nd/144Nd= 0.7219. Measurements of the La Jolla standard 
   20 
yielded a mean 143Nd/144Nd= 0.511838. Internal reproducibility 143Nd/144Nd ratios 
ranged from ± 0.000008- 0.000026 (2σ). Lead isotopic analyses were 4-collector 
static mode measurements. Reported ratios are corrected by a combination of 
pre-refurbish and post-refurbish standard analyses. Measurements of SRM-981 
during the study period yielded 208Pb/204Pb= 36.56 ± 0.031, 207Pb/204 Pb= 15.449 
± 0.046, 206Pb/204Pb= 16.905 ± 0.062 (2σ mean). Measured lead isotope ratios 
were corrected to SRM-981 values (208Pb/204Pb= 36.721, 207Pb/204Pb= 15.491, 
206Pb/204Pb= 16.937). Methods are from Farmer et al. (1991) and Farmer et al. 
(2002).  
 
  
IV. RESULTS
 Ar­Ar Dating 
Nine of ten samples yielded interpretable 40Ar/39Ar plateau ages, and for 
those nine the plateau and total gas ages agreed within 0.06 Ma, except for one 
sample where they agreed within 0.34 Ma. The ages cluster in two groups, a 
Pliocene group (around 4 m.y.) and a Miocene group (around 11 m.y.) (Table 1, 
Fig. 6).   
Three samples fall in the 11 m.y. age group.  Two are from Smith Peak, 
one from the capping basalt and one from a hornblende-rich andesite plug 
exposed on the side of the peak (Fig. 5).  The andesite unit was the only 
hornblende separate analyzed (Fig. 7).  The third 11 Ma sample is from a non-
capping unit in the Portola Region.  
One sample yielded an age of 16.05 ± 0.07 Ma (Fig. 7).  This sample was 
collected from an outcrop beneath the mudflows and was the only sample 
collected from this stratigraphic unit.  
 22 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Figure 6. 40Ar-39Ar dates for samples from northern California.  TR prefix 
stands for samples collected from Truckee, California; FR prefix is for 
samples collected from Portola, California.  Whole rock samples examined 
groundmass plagioclase, one sample examined an amphibole separate.  
Figures are separated into a 4-5 Ma (a-f) event and an 11 Ma event (g-i).   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Figure 7. 40Ar‐39Ar data for the 16 Ma sample.  This sample is part of the Lovejoy formation identified by Durell (1959) in the Portola area.  The unit was later dated by Dalrymple (1964) and Busby and students.  The Lovejoy basalt is often capped by the Pliocene basalts in the Portola region. This sample is an outlier in all geochemical and isotopic data collected for samples in this study. 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Major, Minor and Trace Element Chemistry  
Concentrations of SiO2 range from 45-63 wt % (basaltic to andesitic). 
Samples in Figure 8 are plotted with samples from the Lassen volcanic field, 
compiled from NAVDAT (navdat.org), for reference (Fig. 8,9; Table 2,3).  
All samples, except for the 16 Ma sample, have similar rare earth element 
patterns (Fig.9). The 16 Ma sample, which is also an outlier in its major element 
chemistry, is more enriched in all the REE analyzed than the rest of the samples.     
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Figure 8. Major element chemistry for samples from the northern Sierra 
Nevada Range.  Samples plotted with values from the Lassen volcanic field 
compiled from the NAVDAT database. The sample that is an outlier on most 
plots is the sample of the Lovejoy Basalt.         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Figure 9. Rare earth element plot for Portola and Truckee 
samples.  Randomly selected samples from the Lake Tahoe and 
Lassen volcanic field regions are plotted for comparison.  
Sample with overall REE enrichment is the Lovejoy Basalt (16 
Ma) sample.  The samples from the Lake Tahoe regions are 
more enriched in the light rare earth elements (LREE) than 
samples from the Portola region.  LREE depletion is seen in the 
samples from the Lassen volcanic field compared to the Portola 
region.     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Isotope Geochemistry 
Initial 87Sr/86Sr (87Sr/86Sri) ratios of the samples analyzed in this study 
range from 0.70401 to 0.70549 and 143Nd/144Nd values range from 0.51250 to 
0.51281 (Fig. 10, Table 4). εNd values range from -2.59 to 3.54. Initial 206Pb/204Pb, 
207Pb/204Pb, 208Pb/204Pb ratios range from 18.855 to 19.062,15.589 to15.639, and 
38.508 to 38.842, respectively (Fig. 11, Table 4).  
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Figure 10.  Initial εNd vs. Initial 87Sr/86Sr ratios for samples 
from the Portola and Lake Tahoe regions. Mantle array 
values from Brownlow, 1996.     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Figure 11. Age corrected Pb isotope data for samples from the Lake Tahoe 
and Portola regions.      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Table 4: Isotope Geochemistry  
 
 
 
  
  Rb (ppm) Sr (ppm) 87Sr/86Sr 87Sr/86Sri Sm (ppm) Nd (ppm) 
Sample       
TR09-01 55.7449 482.12 0.70481 0.70481 4.571 24.060 
TR09-02 52.449 528.14 0.70540 0.70540 3.572 19.00 
TR09-03 40.984 594.67 0.70550 0.70550 4.132 21.69 
TR09-04 13.3436 577.49 0.70511 0.70510 3.406 16.529 
AP09-05 45.481 615.3 0.70447 0.70447 5.012 24.078 
FR09-06 17.863 889.9 0.70401 0.70401 3.411 17.054 
FR09-08 22.462 704.6 0.70461 0.70460 2.48 13.077 
FR09-09 18.649 837.09 0.70422 0.70422 3.977 19.994 
FR09-11 28.328 418.39 0.70432 0.70431 9.244 38.463 
FR09-13 22.445 466.41 0.70543 0.70542 3.083 15.246 
FR09-15 26.727 612.62 0.70466 0.70465 3.119 14.973 
FR09-16 21.3053 955.9 0.70413 0.70412 4.033 19.569 
FR09-18 22.651 447.02 0.70540 0.70540 3.113 14.87 
FR09-19 24.6341 433.94 0.70539 0.70538 3.224 15.543 
FR09-22 24.306 496.77 0.70491 0.70491 2.873 13.605 
FR09-23 7.7982 715.7 0.70443 0.70443 4.158 21.40 
FR09-24 3.7065 617.9 0.70409 0.70409 3.446 15.098 
FR09-25 8.4060 583.24 0.70401 0.70400 3.524 15.23 
FR09-26 16.7890 660.6 0.70462 0.70461 3.04 14.536 
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Table 4: Isotope Geochemistry (cont.) 
  143Nd/144Nd 143Nd/144Ndi εNd 208Pb/204Pb 208Pb/204Pbi 207Pb/204Pb 
Sample       
TR09-01 0.512632 0.512628 -0.058332 38.68  15.62 
TR09-02 0.512554 0.512550 -1.580000 38.67 38.664492 15.62 
TR09-03 0.512557 0.512553 -1.521597 36.76  15.64 
TR09-04 0.512606 0.512601 -0.572486 38.73  15.63 
AP09-05 0.512707 0.512702 1.396833 38.64  15.61 
FR09-06 0.512758 0.512749 2.446922 38.64 38.616592 15.63 
FR09-08 0.512697 0.512694 1.198049 38.55  15.60 
FR09-09 0.512728 0.512724 1.799557 38.53  15.59 
FR09-11 0.512814 0.512799 3.538728 38.60 38.568933 15.60 
FR09-13 0.512519 0.512516 -2.280199 38.77 38.760790 15.61 
FR09-15 0.512692 0.512688 1.092502 38.57  15.60 
FR09-16 0.512746 0.512737 2.208156 38.52 38.508452 15.60 
FR09-18 0.512503 0.512500 -2.598094 38.85 38.841700 15.64 
FR09-19 0.512544 0.512541 -1.800000 38.82 38.810481 15.63 
FR09-22 0.512615 0.512611 -0.410000 38.77 38.766279 15.63 
FR09-23 0.512661 0.512658 0.492458 38.71  15.62 
FR09-24 0.512639 0.512634 0.060291 38.56 38.698997 15.62 
FR09-25 0.512674 0.512670 0.740000 38.58 38.571898 15.59 
FR09-26 0.512692 0.512682 1.160000 38.56 38.553689 15.60 
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Table 4: Isotope Geochemistry (cont.) 
  207Pb/204Pbi 206Pb/204Pb 206Pb/204Pbi 
Sample    
TR09-01  18.97  
TR09-02 15.619671 18.97 18.962873 
TR09-03  19.01  
TR09-04  18.99  
AP09-05  18.96  
FR09-06 15.628890 18.92 18.895999 
FR09-08  18.89  
FR09-09  18.90  
FR09-11 15.598401 19.03 18.995505 
FR09-13 15.609615 19.06 19.051643 
FR09-15  18.92  
FR09-16 15.599319 18.87 18.855287 
FR09-18 15.639642 19.07 19.062249 
FR09-19 15.629610 19.06 19.051554 
FR09-22 15.629770 19.05 19.045022 
FR09-23  18.98  
FR09-24 15.619615 18.87 18.971651 
FR09-25 15.589680 18.92 18.913059 
FR09-26 15.599607 18.89 18.881500 
  
V. DISCUSSION
Timing of Magmatism  
Two separate magmatic events, a 4 m.y. and an 11 m.y. event, were 
identified in the sample set via 40Ar/39Ar dating. Two magmatic events of similar 
age occur around Reno (Henry and Perkins, 2001), and Phillips et al. (2011) 
identified two pulses with mean ages of 3.4 and 11.8 m.y. around Bishop, 
California (Fig.1). The younger event in the Portola area is slightly older than the 
~3.5 Ma magmatism seen in central and southern Sierra Nevada (Manley et al., 
2000, Phillips et al., 2011).  
Henry and Perkins (2001) hypothesized that the two magmatic events in 
Reno, Nevada represent two-stage, east-west extension. However, they did not 
discuss the geochemical or isotopic compositions of the samples. Samples from 
the northern Sierra Nevada Range have both geochemical and isotopic 
signatures similar to volcanics from the Lassen volcanic field. This relationship is 
consistent with the ancestral Cascade hypothesis as the Mendocino triple 
junction was located south of the area at the time of eruption of the 12 Ma event 
and even with or just north of the area during the eruption of the 3.5 Ma event 
around Reno and in the northern Sierra Nevada. However, the ancestral 
Cascade hypothesis predicts continuous magmatic activity north of the triple 
junction, which is not observed in either area. These hypotheses are not mutually 
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exclusive; lithospheric thinning from extension could have triggered eruption and 
could possibly explain the episodic nature of magmatism.   
 
Geochemistry  
All samples, except for the anomalous 16 m.y. sample, are basalts and 
andesites with major and trace element compositions similar to rocks from the 
Lassen volcanic field (Bullen and Clynne, 1990; Clynne, 1990; Clynne et al., 
2008). These rocks have much lower K2O concentrations than Pliocene samples 
from the central and southern Sierra Nevada (Fig. 12). Many Pliocene samples 
from the southern Sierra Nevada plot above the top of the high-K2O field of Gill 
(1981) whereas samples from the Lake Tahoe and Portola regions fall into the 
high- and medium-K2O ranges, respectively. Basalts and andesites from the 
Lassen volcanic field fall mainly in the medium-K2O range.   
K2O concentrations generally decrease going northward fom Lake Tahoe 
through Potola to the Lassen volcanic field (Fig. 12).  This general northward 
decrease in K2O concentrations is seen throughout the Sierra Nevada Range 
(Fig. 13). Gill (1981) defined the upper limit of a medium-K2O concentration field 
with the equation K2O = 0.0818(SiO2) - 2.754. I define K* as the difference 
between measured K2O and this value; K* is thus a measure of how far above or 
below the top of the medium-K2O field a sample lies. Figure 13 shows that K* 
decreases moving northward to Lassen Peak. The decrease in K2O 
concentrations in Figure 12 is part of this trend. A subtle northward shift also 
occurs in other oxides such as MgO and CaO (Fig. 14). 
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Figure 12. K2O concentration comparison of high-K2O samples from central 
and southern Sierra Nevada to samples from the northern Sierra Nevada 
Range.  K2O concentrations fields from Gill (1981) are extrapolated both 
upward and downward in SiO2 from his original definition.  The samples from 
the central and southern Sierra Nevada have high K2O concentrations that are 
proposed to be a signature of delamination (Manley et al. 2000; Farmer et al. 
2002). Samples collected from the Lake Tahoe and Portola areas have much 
lower potassium concentrations and were most likely formed from a different 
source.   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Figure 13.  Figure showing the K* value defined by Gill’s (1981) equation for 
basalts with medium K2O concentrations (K*=K2O concentration measured – 
(0.0818 (SiO2)- 2.754)). Cool colors are samples with K* > 1, and warm colors 
are samples with K* near or < 1. Overall, K* values become more negative 
when moving north. Samples were compiled within the polygon above from 
data from this study and NAVDAT.     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The range of SiO2 concentrations differs significantly going from the Lake Tahoe-
Portola area (50-62 wt% SiO2) to the Lassen volcanic field (45-75 wt% SiO2) (Fig. 
14). This difference is likely a result of the longer duration and higher intensity of 
magmatism in the Lassen volcanic field. Volcanism in the Portola region was 
sporadic and low-volume, whereas at Lassen Peak volcanism is far more 
voluminous and has been occurring for around 2.5 million years (e.g., Grose and 
McKee, 1986; Clynne, 1990).  
Based on tectonic setting and indistinguishable geochemical and isotopic 
concentrations, it is likely that the source of magmatism was the same for both 
magmatic events identified in this study in the northern Sierra Nevada Range. 
However, the geochemistry of the two events in the Bishop area is different than 
rocks of a similar age in the northern Sierra Nevada Range., Both events in the 
Bishop area have K2O concentrations in or above the high-K2O field, as do the 
samples from the Sierra Nevada Range and some samples from the Lassen 
Volcanic field. However, the younger Pliocene group from the Bishop area have 
slightly higher K2O concentrations, nearing the values seen in highly potassic 
Pliocene samples in the central and southern Sierra Nevada (Fig. 15), whereas 
the older 12 m.y samples are closer in composition to samples from the Lake 
Tahoe region. This difference may represent a change in the processes that 
formed the two events in the southern areas.  
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Figure 14. SiO2 concentrations vs. CaO.  Samples from northern Sierra 
Nevada span basalt and andesite fields, whereas samples from Lassen 
Volcanic field span from basalt to rhyolite. Limited SiO2 concentrations for the 
northern Sierra Nevada may be due to its episodic eruption style, as opposed 
to the sustained volcanic center in the Lassen volcanic field.    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Figure 15. K2O concentrations from new data from the Bishop, California area 
compared to K2O concentrations from Figure 10.  While there is a small 
dataset to work with (more analysis will be conducted), the Pliocene event in 
Bishop has K2O concentrations that plot with values collected from the 
Pliocene samples from the central and southern Sierra Nevada Range.  The 
older (11-12 Ma) samples have lower K2O concentrations than most of the 
Pliocene samples.  While more data is needed, it is possible to speculate 
based on this figure the Pliocene samples have a different source than the 
older 11-12 Ma samples.   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The shift in compositions could be due to passage of the Mendocino triple 
junction (Fig. 4).  The triple junction was located south of the Portola region when 
both age clusters were erupted there, but in the Bishop area the triple junction 
was south of the area at 12 Ma but subduction was no longer occurring in the 
area during eruption of the Pliocene event (Atwater and Stock, 1998). Therefore, 
the shift from lower to higher K2O concentrations in the Bishop area most likely 
reflects a change in tectonic setting.   
 
Isotope Geochemistry  
Along with lower K2O concentrations, samples from the northern Sierra 
Nevada have lower 87Sr/86Sri ratios than Pliocene samples from the central and 
southern Sierra Nevada (Fig. 16). All samples collected from the northern Sierra 
Nevada have 87Sr/86Sri ratios below 0.706.  Samples from this study and from 
Cousens et al. (2008) from the Tahoe and Portola regions have 87Sr/86Sri ratios 
ranging from ~0.704 to ~0.706.  The 143Nd/144Ndi and associated εNd (-2.6 to 3.5) 
values from the Portola and Truckee regions have considerable scatter when 
plotted with 87Sr/86Sri (Fig.10).     
Since 87Sr/86Sri values of samples from the Portola region are near 0.706, 
the samples may be located in a transition area between the North American 
craton and accreted terranes (Fig. 17). Some have argued that high 87Sr/86Sri 
ratios could result from crustal contamination instead of changes in the mantle 
(e.g., Kistler and Peterman, 1973, 1978; DePaolo, 1981). However, in the Sierra 
Nevada Range the isotopic compositions of more felsic Late Cretaceous samples 
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often reflects the compositions of the corresponding mafic end member of each 
plutonic suite (Coleman et al., 1992; Coleman and Glazner, 1997). This is also 
supported by Cenozoic xenolith data, which suggest that high 87Sr/86Sri in 
Cenozoic basalts was derived from the lithospheric mantle (Beard and Glazner, 
1995; Ducea and Saleeby, 1996). Therefore, high 87Sr/86Sri ratios for the 
Pliocene samples from the central and southern Sierra Nevada most likely reflect 
heterogeneities in the mantle, not crustal contamination.  
The source for Pliocene samples from the central and southern Sierra 
Nevada was most likely the lithospheric mantle, which had been enriched by 
metasomatism (Van Kooten, 1981; Menzies et al., 1983).  This enriched mantle 
would have been exposed to upwelling asthenosphere through proposed 
delamination.  
Samples from the Portola and Tahoe regions have 87Sr/86Sri ratios from 
0.704 to 0.706, and values continue to decrease northward to the Lassen 
volcanic field (Fig. 16).  The lower 87Sr/86Sri ratios reflect a depleted mantle 
source, which is associated with accreted terranes. This is consistent with 
crossing of the 0.706 line around the Tahoe region, since 87Sr/86Sri values are 
transitional in the Portola and Tahoe regions, becoming more indicative of 
oceanic lithosphere and accreted terranes moving northwest to Lassen (Fig. 18). 
There is uncertainty in the exact location of the 0.706 line in the northern Sierra 
Nevada due to lack of study and extensive faulting. 
A spatial variation in 87Sr/86Sri ratios is seen throughout the Sierra Nevada 
Range (Fig. 16 and 18). 87Sr/86Sri ratios for mafic, intermediate and felsic rocks 
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increase from southern to central Sierra Nevada, followed by a decrease from 
central to northern Sierra Nevada (Fig. 16). The samples with the highest 
87Sr/86Sri values are the highly potassic Pliocene samples from the central and 
southern Sierra Nevada. Although there is considerable scatter in Figure 16, 
there is a distinct trend for 87Sr/86Sri values in the mafic samples.  Just focusing 
on the mafic samples, the highest 87Sr/86Sri values also correspond with the 
highest elevations in the Sierra Nevada, followed by a drop in 87Sr/86Sri values, 
as well as elevation for samples from the northern Sierra Nevada (Fig. 19).   
The change in initial 87Sr/86Sri values, along with elevation, supports 
geomorphic evidence for a different uplift history in the northern part of the Sierra 
Nevada Range.  The high 87Sr/86Sri ratios for Pliocene samples in the central and 
southern Sierra, seen in Figure 16, are thought to be a signature of an enriched 
source exposed after lithospheric delamination (Manley et al., 2000). This 
removal would also cause uplift in the same area (e.g., Wernicke et al., 1996; 
Pelletier, 2007), which could result in the high elevations and high 87Sr/86Sri 
values observed in the central and southern Sierra Nevada.   
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Figure 16. Initial 87Sr/86Sr ratios for the Sierra Nevada Range.  The data 
represented by the open samples was collected from the NAVDAT database 
and is divided into mafic, intermediate, and felsic samples.  Closed symbols 
represent data collected for this study and data from Cousens (2008).  The 
southern Pliocene samples are samples from Manley et al. (2000) that have 
anomalously high potassium concentrations.  These samples also have the 
highest 87Sr/86Sriratios at their given latitude.  Overall samples increase in 
87Sr/86Sri values from 35° to between 37°and 38° and then begin to decrease 
with the lowest values seen at Lassen Peak.          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“.706 line”  
Rand-Pelona-Orocopia 
Schists  
Figure 17. Location of the “0.706 line”. 87Sr/86Sri ratios are higher than 0.706 for 
samples to the east of this line, representing signatures derived from the North 
American craton, and less that 0.706 for samples west of this line, 
representing signatures derived from accreted terranes.  The line is dashed in 
parts of the central and southern Sierra Nevada Range due to uncertainty 
from faulting and lack of exposure.  This study provides new isotopic data for 
the northernmost dashed area. The samples collected from this study all have 
87Sr/86Sri ratios close to but less than 0.706, possibly identifying a transition zone 
from the North American craton to accreted terranes.          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Figure 18.  Map showing 87Sr/86Sri  ratios for samples throughout the Sierra 
Nevada Range.  Samples were compiled using NAVDAT in the area enclosed 
in the polygon above.  General locations based on Kistler and Peterman 
(1978) of the 0.706 and 0.704 lines are shown for reference.    
0.706 
0.704 
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Figure 19. Initial 87Sr/86Sr ratios plotted against latitude for the Sierra 
Nevada Range. The black line represents the average elevation at each 
latitude. 87Sr/86Sri ratios are higher with increasing elevation.  Figure based 
on personal communication.  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Delamination vs. Ancestral Cascade Range  
Based on tectonic setting alone, both hypotheses for the formation of 
Pliocene volcanism in the northern Sierra Nevada Range, delamination and 
subduction, are viable options.  However, samples from the Portola and Lake 
Tahoe regions have geochemical and isotopic signatures similar to samples from 
the modern Cascade Range. The lack of geochemical similarity to Pliocene 
samples from the central and southern Sierra Nevada Range, along with the lack 
of evidence for late uplift in the northern part of the range (e.g. Wakabayashi and 
Sawyer, 2001, Cassel et al., 2009), does not provide support for delamination in 
the northern Sierra Nevada Range.  As stated before, magmatism associated 
with delamination should be geochemically distinct (even from other volcanic 
rocks in the same area) and should be short lived.  In the Portola and Tahoe 
areas, magmatism is present in two geochemically indistinguishable events, one 
at 4 Ma and an older event around 11 Ma.  
Since the samples from this study and Cousens et al. (2008) have major 
element and isotopic compositions similar to those seen in the Lassen volcanic 
field they are most likely part of an ancestral Cascade Range.  The Lassen 
volcanic field was chosen for comparison throughout this study because it is near 
the southern extent of the present day Cascade Range, closest to the samples 
from this study. Although the samples from the Portola and Lake Tahoe regions 
have slight geochemical and isotopic variation from the Lassen volcanic field, 
these differences can be explained by minor changes in the underlying mantle 
and eruption style.  
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The location of the 87Sr/86Sri 0.706 line is important in determining the 
source of magmatism. Samples from the Portola and Tahoe regions do reach 
values near 0.706 but they also begin to overlap with the lower values (around 
0.704) seen in the Lassen volcanic field. Kistler and Peterman (1978) identify 
another 87Sr/86Sri boundary at 0.704 (Fig. 18). This boundary crosses through the 
Lassen volcanic field and could represent another accreted terrane, or possibly 
just movement away from the transitional area represented by the Portola and 
Tahoe regions.   
The differences in SiO2 compositions could also be tectonically controlled.  
In the Portola and Tahoe regions the magmatism is seen in small isolated 
outcrops.  There does not seem to be evidence for multiple or sustained 
eruptions in the area.  However, the Lassen volcanic field has been active for at 
least 2.5 m.y. (Grose and McKee, 1986; Clynne, 1990), and is a sustained 
central vent.  
  
VI. CONCLUSIONS  
Subduction-related processes north of the Mendocino triple junction most 
likely formed Pliocene magmatism in the northern Sierra Nevada Range. 
Therefore, based on data from this study and Cousens et al. (2008) an ancestral 
Cascade Range may have extended at least as far south as Lake Tahoe.   
Two distinct magmatic events, one around 3-5 Ma and one around 10-12 
Ma, are also present in many areas of the northern and central Sierra Nevada 
Range. In the Portola region the events are geochemically and isotopically 
indistinguishable, but in the Bishop region the younger event has significantly 
higher K2O concentrations than the older. This trend is based on preliminary 
data; more work is needed to determine if the events in the Bishop area were 
formed by different tectonic processes.   
Since 87Sr/86Sri ratios range between ~0.704 and ~0.706 for samples in 
the Portola region, they are thought to be in a transition zone between the North 
American craton and accreted terranes. This transition is represented by the .706 
line; higher values represent enriched mantle lithosphere of the craton whereas 
lower values represent a more depleted mantle associated with accreted 
terranes.
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